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A liquid chromatographic-tandem mass spectrometric (LC-MS/MS) multi-residue method for the simul-
taneous quantification and identification of 38 residues of the most widely used anthelmintic veterinary
drugs (including benzimidazoles, macrocyclic lactones, and flukicides) in milk and liver has been devel-
oped and validated. For sample preparation, we used a simple modification of the QUEChERS method,
which was initially developed for pesticide residue analysis. The method involved extracting sample (10 g)
with acetonitrile (10 mL), followed by phase separation from water (salting out) with MgS0O4:NaCl (4:1,

iﬁ ‘linv:lrxism tics w/w). After centrifugation, an aliquot of the extract (1 mL) was purified by dispersive solid-phase extrac-
Flukicides tion with MgS04 (150 mg) and Cys (50 mg), prior to LC-MS/MS analysis. Two injections of the same extract
Residues were required with the LC-MS/MS instrument to cover the 30 electrospray positive and 8 electrospray

Food negative analytes. The limit of quantitation of the method was 5 pgkg~! for 37 analytes (and 10 pgkg™!
Liquid chromatography-tandem mass for dichlorvos). The method was successfully validated according to the 2002/657/EC guidelines. Recovery
spectrometry of analytes was typically in the 70-120% range, with repeatabilities and reproducibilities typically <15%

QUEChERS in milk and <20% in liver.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Helminths are the single most important group of parasitic
infections in livestock [1]; and include three types—cestodes (tape-
worms), nematodes (roundworms) and trematodes (liver flukes).
Helminth infections are controlled through the administration
of anthelmintic agents, which are essential for maintaining high
weight gains and reproductive performance in livestock [2]. During
the 1980s, there was a shift from therapeutic treatment (salvage)
to chemoprophylactic control of infections [3]. Chemoprophylaxis
was supported by widespread availability of anthelmintics, due
to the availability of over-the-counter veterinary medicines and
the launch of cheaper generic products. This has led to concerns
that anthelmintics are often unnecessarily administered to animals,
leading to an increased risk of residues occurring in food and due
to the build-up of resistance to the dwindling numbers of useful
drugs.
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Maximum residue limits (MRLs) have been set for a number
of anthelmintics in milk and edible tissues (muscle, liver, kidney
and fat) with the aim of minimizing the risk to human health
associated with their consumption (Table 1). In general, it can
be concluded that anthelmintic residues pose no human health
risk if veterinary drugs are properly administered and the rec-
ommended doses are correctly adhered to. However, there may
be a concern that if withdrawal periods are not adhered to, or
if products are administered to animals in unapproved applica-
tions (e.g. administration to lactating species) that levels may
exceed MRLs in foods. Some of these drugs possess toxicological
properties namely teratogenicity and embryotoxicity [4]; neuro-
toxicity [5], hyperplasia, [6], goitrogenicity [7] and mutagenicity
[8].

The major anthelmintics (including wormers, flukicides and cer-
tain pesticides) and the structures of their key residues are shown
in Fig. 1. The analysis of a number of these substances, namely
benzimidazoles (BZs) and macrocyclic lactones (MLs) was recently
reviewed in detail [9,10]. These review papers highlighted short-
comings in published methodologies for analysing BZ residues
in food, in particular the failure to include several key residues
in multi-residue methods. In addition, there is a general lack of
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Table 1
The permitted limits of the 38 anthelmintic residues, and 1x fortified concentration used in the study.

Analyte Type MRL (EU) Tolerance (US) Codex Fortified concentration
Milk (pgkg1) Liver (ngkg1) Milk (ngkg1) Liver (pgkg") Milk (ngkg1) Liver (pgkg—") Milk (ngkg1) Liver (pgkg')

Bithionol Flukicide 10 10
Clorsulon Flukicide 100 10 100
Closantel Flukicide 1000 1000 10 1000
Nitroxynil Flukicide 20 10 20
Niclosamide Flukicide 10 10
Rafoxanide Flukicide 10 10 10
Oxyclozanide Flukicide 10 500 10 500
Macrocyclic lactones

Abamectin Anthelmintic 20 100 10 20
Emamectin Anthelmintic 10 10
Eprinomectin Anthelmintic 20 1500 12 480 20 2000 20 1500
Doramectin Anthelmintic 100 100 10 100 10 100
Ivermectin Anthelmintic 100 100 10 100 10 100
Moxidectin Anthelmintic 40 100 40 200 100 40 100
Selamectin Anthelmintic 10 10

Benzimidazoles

Albendazole Anthelmintic 100 1000 100 1000
Albendazole-sulfoxide Anthelmintic 100 1000 100 1000
Albendazole-sulfone Anthelmintic 100 1000 100 1000
Albendazole-2-amino-sulfone Anthelmintic 100 1000 200 100 1000
Cambendazole Anthelmintic 10 10
Fenbendazole Anthelmintic 10 500 100 500 10 500
Fenbendazole-sulfoxide Anthelmintic 10 500 600 800 100 500 10 500
Fenbendazole-sulfone Anthelmintic 10 500 100 500 10 500
Flubendazole Anthelmintic 10 10
Amino-flubendazole Anthelmintic 10 10
Hydroxy-flubendazole Anthelmintic 10 10
Mebendazole Anthelmintic 10 10
Amino-mebendazole Anthelmintic 10 10
Oxibendazole Anthelmintic 10 10
Thiabendazole Anthelmintic 100 100 50 100 100 100 100 100
5-Hydroxy-thiabendazole Anthelmintic 100 100 100 100
Triclabendazole Flukicide 250 300 10 250
Triclabendazole-sulfoxide Flukicide 250 10 250
Other

Coumaphos Pesticide 10 10
Coumaphos-oxon Pesticide 10 10
Dichlorvos Pesticide 10 10
Haloxon Anthelmintic 100 10 10
Levamisole Anthelmintic 100 100 100 10 100
Morantel Anthelmintic 50 800 700 50 800
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suitable multi-residue methods for detecting the non-BZ or -ML
anthelmintics listed in Table 1. Only two multi-residue methods
have been reported in the literature for the detection of fluki-
cide residues. Takeba et al. reported the determination of five
flukicide residues in milk by liquid chromatography (LC) with
electrochemical detection [11]. The method included bithionol,

oxyclozanide, dephosphate-bromofenofos, DS-6 and tribromsalan;
the latter three drugs are not in fact registered for use in the EU. The
limits of detection of this method were between 4 and 20 pgkg!.
Von Tonder et al. reported an LC-UV method for the analysis of
niclosamide, oxyclozanide, albendazole and fenbendazole drugs in
veterinary formulations [12]. Several methods have been reported
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Fig. 1. Structures of all 38 anthelmintics in the study.
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Fig. 1. (Continued)

for the determination of individual flukicides and/or in combina-
tion with a single BZ or ML residue [13-19].

All of the methods mentioned above involve lengthy, labour-
intensive, and expensive extraction methods that generate copious
amounts of solvent waste. In addition to meeting acceptable perfor-
mance criteria for the application, a multi-residue method should
be fast, inexpensive, easy to perform and require a minimal quantity
of chemicals, space and labware, as well as delivering a high degree
of robustness and cover a wide range of analytes and matrices. Most
sample preparation methods involve many multi-step procedures,
but if the number of steps can be streamlined using a simpler pro-
cedure, precision and accuracy are typically improved along with
time, labour and cost savings.

To achieve these objectives Anastassiades et al. developed a new
method for the sample preparation of pesticide residues in fruits
and vegetables [20]. The resulting sample preparation method was
termed QUEChERS (standing for quick, easy, cheap, effective, rugged
and safe), and since its inception, it has been successfully used to
analyze hundreds of pesticides in a variety of foods [21].

In QuUEChERS, the high-moisture sample (water is added to
dry foods) is first extracted with an organic solvent (acetonitrile
(MeCN), ethyl acetate, or acetone) in the presence of salts (MgSQOy,
NaCl, and or buffering agents) to induce phase separation of
the solvent from the water. Upon shaking and centrifugation,
an aliquot of the organic phase is subjected to further cleanup
using dispersive-SPE, which entails mixing sorbents with the
extract. Afterwards, the mixture is centrifuged and the resulting
supernatant can be analyzed directly or can be subjected to a
concentration and/or solvent exchange step if necessary. The
approach is very flexible, and since its development [20] there
have been several modifications to the technique depending
on analytes, matrices, instrumentation, and analyst preferences
[21-28]. The approach uses very little labware and generates little
waste. The technique provides high recovery for many LC- and

GC-amenable analytes, gives high reproducibility, and costs less
than many typical sample preparation approaches [20].

In the past, LC-UV or LC-fluorescence was the primary analytical
tool used to detect anthelmintics. However, these detectors typ-
ically require extensive cleanup of the extracts, detect a limited
number of analytes and are prone to interferences. Furthermore,
fluorescence detection often requires derivatization of analytes.
In recent times, residue chemists are increasingly switching to
LC-MS/MS to qualitatively and quantitatively detect veterinary
drug residues [29]. LC-MS/MS commonly enables the determi-
nation of drugs with high molecular masses as well as polar,
non-volatile and thermally labile analytes without derivatization.
However, for the analysis of complex matrices such as liver, kid-
ney or muscle commonly used in veterinary drug residue analysis,
an appropriate sample preparation step is necessary to minimize
matrix effects in the ionisation process. Yet, due to the high selec-
tivity of the tandem mass spectrometer, the sample cleanup can
be kept relatively simple. The ongoing development of LC-MS/MS
has opened new strategies for veterinary drug screening, partic-
ularly in the area of multi-class multi-residue methods. Triple
quadrupoles are the most widely used instruments for modern
residue analysis and provide excellent performance, allow for the
simultaneous analysis of >100 analytes in a short time period
[30].

The objective of this study was to develop and validate a sim-
ple but effective method for the detection and quantification of 38
anthelmintic residues in cattle milk and liver. The method was val-
idated according to the 2002/657/EC[31] guidelines as required for
EU monitoring programs. The factors investigated included recov-
ery, selectivity, precision, linearity and analytical limits, including
the decision limits (CCa) and detection capabilities (CCP3) of the
method. This method is the first to report the detection of 38
residues of the most widely used anthelmintic drugs (including
nine flukicides) in biological samples.
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2. Experimental
2.1. Reagents and chemicals and samples

Acetonitrile and methanol (MeOH) solvents (HPLC grade),
octadecylsilane (Cyg, Bakerbond, 40 wm Prep LC packing), and NaCl
and ammonium acetate (analytical grade) were obtained from
Mallinckrodt-Baker (Phillipsburg, NJ, USA). MS-grade formic acid
and ammonium formate were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Primary secondary amine (PSA) sorbent (40 p.m,
analytical grade) was obtained from Varian (Palo Alto, CA, USA),
and graphitized carbon black (GCB) was from Supelco (Bellefont,
PA,USA). Pre-weighed mixtures of 50 mg combinations each of PSA,
GCB, and/or Cyg sorbents plus 150 mg anhydrous magnesium sul-
phate (MgSO4) in 2 mL mini-centrifuge tubes, and 5g portions of
MgS0,4:NaCl (4:1, w/w) in 50 mL centrifuge tubes, and MgSO4 were
obtained from UCT (Bristol, PA, USA). Water was purified by a Barn-
stead E-pure water purification system (Dubuque, IA, USA). Liver
samples, free of residues, were obtained from a local organic farm,
while organic milk was readily available from most supermarkets.
All samples were tested for residues prior to method development.

2.2. Standards and stock solutions

Abamectin, albendazole, bithionol, clorsulon, closantel,
coumaphos, dichlorvos, doramectin, emamectin, fenbendazole,
haloxon, ivermectin, levamisole, mebendazole, nitroxynil,
niclosamide, morantel, oxyclozanide, rafoxanide and thiaben-
dazole were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Albendazole-sulphoxide, albendazole-sulphone, albendazole-2-
amino-sulphone, 5-hydroxy-thiabendazole, triclabendazole and
triclabendazole-sulphoxide were purchased from Witega Labora-
torien Berlin-Aldershof GmbH (Berlin, Germany). Coumaphos-oxon
was obtained from the Environmental Protection Agency’s National
Pesticide Repository (Fort Meade, MD, USA). Fenbendazole-
sulphoxide (oxfendazole), oxibendazole and cambendazole were
purchased from QMX Laboratories (Thaxted, UK). Eprinomectin
was donated by Merial (Lyon, France) and fenbendazole-
sulphone was donated by Hoechst AG (Frankfurt, Germany).
Flubendazole, amino-flubendazole, hydroxy-flubendazole and
amino-mebendazole were donated by Janssen Animal Health
(Beerse, Belgium); selamectin was donated by Pfizer Animal
Health (New York, NY, USA) and moxidectin was donated by Fort
Dodge Animal Health (Southampton, UK).

Primary stock solutions were prepared at a concentration
of 1000 ugmL-! in either MeOH or MeCN, while albenda-
zole and cambendazole were prepared at a concentration
of 500 wgmL~!; albendazole-sulphoxide, albendazole-sulphone,
fenbendazole, fenbendazole-sulphone and hydroxy-flubendazole
were prepared at a concentration of 200 wg mL~!; mebendazole
and flubendazole were prepared at a concentration of 100 pg mL~1.
All standard solutions were stored at —18 °C.

A 10 wg mL~! working standard solution with all 39 analytes was
prepared by direct dilution of the primary stock standard solutions
in 10 mL MeCN. A 1 in 10 dilution of this standard was carried out
to obtain a 1 wg mL~! working standard solution.

Standard solutions for validation studies were prepared by
direct dilution of primary stock standard solutions in 25 mL of
MeCN. The liver validation solution was prepared at concentrations
of 0.4pugmL-! (rafoxanide, bithionol, niclosamide, emamectin,
selamectin, cambendazole, flubendazole, hydroxyl-flubendazole,
amino-flubendazole, mebendazole, amino-mebendazole, oxiben-
dazole, dichlorvos, coumaphos, coumaphos-oxon and haloxon);
0.8 wgmL-! (nitroxynil); 4ugmL-! (clorsulon, doramectin,
ivermectin, moxidectin, thiabendazole, 5-hydroxy-

thiabendazole and levamisole); 10 ugmL-!
and triclabendazole-sulphoxide); 20pugmL-! (oxyclozanide,
fenbendazole, fenbendazole-sulphoxide and fenbendazole-
sulphone); 32 wgmL~! (morantel); 40 wg mL~! (closantel, alben-
dazole, albendazole-sulphoxide and albendazole-sulphone) and
60 pgmL-! (eprinomectin).

The milk validation solution was prepared at concentra-
tions of 1wgmL-! (oxyclozanide, fenbendazole, fenbendazole-
sulphoxide, fenbendazole-sulphone and wunapproved sub-
stances); 2ugmL-! (eprinomectin); 4uwgmL~! (moxidectin);
5wgmL-! (morantel) and 10 wgmL-! (albendazole, albendazole-
sulphoxide, albendazole-sulphone, thiabendazole and 5-hydroxy-
thiabendazole).

Triphenyl phosphate (TPP) and 2,4-dichlorophenoxyacetic acid
(2,4-D) were purchased from Sigma-Aldrich, and were used as
internal standards for positive and negative ion modes, respectively.
A 10 g mL~! working internal standard solution was prepared by
diluting 100 p.L of the 1000 pg mL~! standards in 10 mL of MeCN.

Cyprodinil (from Sigma-Aldrich) was used as a quality control
standard to monitor the performance of the mass spectrometer. A
10 wg mL~! working internal standard solution was prepared dilut-
ing 100 L of 1000 wg mL~! standard in 10 mL MeCN.

To obtain samples fortified at the four MRL levels: 50, 100, 150
and 200 pL of the milk validation standard was added to 10 g milk
and 125, 250, 375 and 500 pL of the liver validation standard was
added to 10 g liver.

To prepare matrix-matched standards for the calibration curves,
three blank samples were extracted, cleaned-up and transferred
(1 mL) into autosampler vials. To the vials were added either 5 pL
of the 1 pgmL-! mixed standard, 5L of the 10 pg mL~! mixed
standard or 50 L of the 10 pg mL~! mixed standard, which gave
concentrations of 5, 50, and 500 wgkg~!, respectively. 10 wL of
internal standard (100 wgkg—!) and QC standard (100 pgkg™!)
were also added to each vial.

(triclabendazole

2.3. Apparatus

A Sorvall Legend RT centrifuge (Thermo Fisher; Waltham, MA,
USA), a Hill Scientific mv13 mini-centrifuge, and a Daigger Genie
2 vortex mixer (Vernon Hills, IL, USA) were used during sample
preparation. The LC-MS/MS system consisted of an Agilent 1100
series LC (Santa Clara, CA, USA) including a binary pump, a vac-
uum degasser, column oven, and an autosampler, coupled with an
API 3000 tandem quadrupole MS instrument (Applied Biosystems,
Foster City, CA, USA) with an electrospray ion interface and divert
valve placed between the column and source. The mass spectrome-
ter was fully controlled by Analyst software Version 1.4.1. A syringe
pump (Harvard Apparatus model 33, Holliston, MA, USA) connected
to the interface was used for tuning purposes.

2.4. Sample preparation

Homogenised liver or milk samples (10 g) were weighed into
50mL fluorinated ethylene propylene (FEP) centrifuge tubes.
Samples were fortified with the analytes and/or the internal stan-
dards and let to stand for 15min. Extraction was performed
by adding MeCN (10mL) followed by 5g of MgSO4:NaCl (4:1,
w/w). Samples were immediately shaken for 1 min (to prevent
agglomerates forming during MgSO,4 hydration) and centrifuged
(3700 x g, 5min). For sample cleanup, 1 mL of supernatant was
transferred into a 2 mL mini-centrifuge tube containing MgSOg4
(150 mg) and C;g (50mg). The sample extract was mixed by
vortexing (1 min) and centrifuged (3000 x g, 2min). An aliquot
of the supernatant (500 L) was transferred into an autosam-
pler vial containing cyprodinil solution (QC standard, 5 L)
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Summary of the retention times, diagnostic ions, and the MS/MS operating conditions for the 38 analytes and 3 internal standards.

Analyte tr (min) Precursor ion (m/z) Fragment ions (m/z) Declustering potential (V) Collision energy (eV) (most abundant ion)
13 2

ESI

Emamectin 11.0 886.5 158.1 126.0 26 49
Eprinomectin 12.4 914.5 186.0 154.1 16 29
Abamectin 12.9 890.5 305.1 567.2 21 35
Moxidectin 133 640.4 528.2 498.2 16 13
Doramectin 13.5 916.5 331.2 593.2 26 37
Ivermectin 14.8 892.5 569.2 307.1 11 21
Selamectin 149 770.4 333.2 113.1 46 31
Albendazole-2-amino-sulfone 7.8 240.0 133.0 197.8 31 39
5-Hydroxy-thiabendazole 79 218.0 191.0 147.0 31 37
Albendazole-sulfoxide 8.5 282.0 239.9 208.0 21 19
Amino-mebendazole 8.5 238.0 104.9 133.0 31 37
Amino-flubendazole 8.7 256.0 123.0 133.0 31 37
Albendazole-sulfone 8.8 298.0 265.9 159.1 26 29
Fenbendazole-sulfoxide 8.9 316.0 159.0 283.8 26 47
Thiabendazole 8.9 202.0 174.9 130.9 36 35
Fenbendazole-sulfone 9.1 332.0 299.9 159.1 31 31
Hydroxy-flubendazole 9.1 316.0 283.0 97.0 31 31
Cambendazole 9.2 303.0 216.9 260.8 36 37
Mebendazole 9.5 296.0 264.0 105.0 31 31
Flubendazole 9.6 314.0 281.9 123.0 31 31
Oxibendazole 9.6 250.0 218.1 176.1 26 25
Albendazole 10.0 266.0 234.0 191.0 26 29
Fenbendazole 10.2 300.0 267.8 159.0 31 29
Triclabendazole 11.0 359.0 273.9 171.0 31 53
Levamisole 7.7 205.0 178.1 123.0 26 29
Dichlorvos 8.2 2209 109.0 126.9 31 25
Morantel 8.3 221.0 176.8 111.0 66 15
Haloxon 9.8 414.8 352.8 210.9 36 29
Coumaphos-oxon 9.9 346.9 290.9 318.9 26 25
Coumaphos 10.6 362.9 226.8 306.8 31 35
TPP (int std) 10.6 327.0 77.2 152.0 61 65
Cyprodinil (QC std) 10.9 226.0 108.0 106.0 30 35
ESI-

Clorsulon 8.7 377.7 341.6 241.6 -41 -16
Nitroxynil 8.9 288.9 126.7 161.8 —41 -34
2,4-D (int std) 9.1 218.8 160.8 124.9 -21 -18
Oxyclozanide 10.5 397.8 175.7 361.7 -41 -38
Triclabendazole-sulfoxide 10.6 372.7 180.8 212.7 -36 -60
Niclosamide 11.1 3249 170.8 288.8 -36 -38
Closantel 1.2 660.9 126.7 344.7 -61 -78
Bithionol 1.4 352.8 160.8 191.7 -36 -32
Rafoxanide 11.9 623.9 126.8 344.6 -76 -70

2 Most abundant fragment ion.

and an aliquot (10 wL) was injected onto the LC-MS/MS sys-
tem.

2.5. Liquid chromatography

Reversed-phase separation of analytes was performed at 30°C
on a Prodigy™ Cyg column (150 mm x 3 mm LD., 5 wm particles)
protected by a Cig guard column (4 mm x 3mm [.D.), both from
Phenomenex (Torrence, CA, USA). The final mobile phase condi-
tions were (A) 25 mM aqueous ammonium formate at pH 4 and (B)
12.5 mM ammonium formate in MeCN:MeOH (50:50, v/v). Gradient
elution (0.3 mLmin~1) was used with an initial starting condition
of 98:2 (A:B, v/v), and the organic concentration increased to 100%
over 5 min, where it was held for 10.5 min before it returned to the
initial starting condition.

2.6. Mass spectrometry

MS analyses were performed by atmospheric pressure electro-
spray ionisation in the positive (ESI*) and negative (ESI~) modes
applied in sequential injections using the same LC conditions. The
eluent flow was diverted to waste for 5 min after sample injection
followed by a second divert (after 15 min) to waste prior to the next

chromatographic sequence to minimise column contamination.
Nitrogen was used for nebulisation, desolvation and collision gases.
The source temperature and ionspray voltage were set at 500°C
and +4500V, respectively. The analytes were detected by tandem
MS using the multiple reaction monitoring (MRM) function of two
transitions with a dwell time of 100 ms. In the ESI* method, the
MS acquisition was divided into three time periods (7.0-11.8 min,
11.8-14.0 min, and 14.0-15.5 min). The ESI- method acquired the
monitored ions in two time periods (8.0-9.5 min and 9.5-15.0 min).
The MS conditions were optimised by tuning the analyte-specific
parameters, including declustering potential, focusing potential,
collision energy, and collision cell exit potential for each ana-
lyte. This optimisation was carried out by infusion of a 1 pg mL~!
standard solution of each analyte and monitoring the two most
abundant fragment ions produced from the molecular ion. A sum-
mary of the retention times, monitored ions and optimised MS
parameters obtained for each analyte is reported in Table 2.

2.7. Validation procedure

The LC-MS/MS method was validated according to 2002/657/EC
guidelines. LC-MS/MS identification criteria were verified through-



202 B. Kinsella et al. / Analytica Chimica Acta 637 (2009) 196-207

80

60

Recovery (%)

40

20 4

& mPSA

i
P mCi8
OPSA+C18

Fig. 2. Comparison of different sorbents for dispersive-SPE cleanup of eight analytes in milk (ESI-).

out the validation study by monitoring relative retention times,
ion recognition (signal-to-noise ratio (S/N)) and relative ion
intensities.

Several method validation parameters were determined includ-
ing linearity, specificity, recovery, precision (repeatability and
within-laboratory reproducibility) and analytical limits (limit of
quantitation, lowest calibrated level, decision limit CCc, and detec-
tion capability CCB). The specificity of the method was verified
through the analysis of 20 negative milk and liver samples obtained
from different sources. Interferences from other analytes on iden-
tification and quantitation were checked by analysing negative
samples fortified separately with each analyte at 100 wgkg~'. To
test the linearity of the method, negative samples were fortified at
three concentration levels (5, 50, and 500 pgkg~1) to give a four-
point calibration curve (including 0 wgkg~1) that covered the wide
range of MRLs for the analytes.

Since no certified reference materials were available for the ana-
lytes and matrices of interest, the recovery from fortified negative
samples was measured as an alternative to trueness. The recovery
and precision were determined through the analysis of negative
milk and liver samples fortified in six replicates at 0.5, 1, 1.5 and 2
times the MRL (as listed in Table 1) or 10 wg kg~! for analytes with
no specified limit. To evaluate precision of the method, repeatability
and within-laboratory reproducibility were determined. Repeata-
bility results were obtained at the four validation levels under
identical conditions by the same operator on three separate days
(n=18 each level overall). The within-laboratory reproducibility
results were obtained at the four validation levels by different oper-
ators on three separate days (n =18 each level overall). The decision
limit (CCa) was calculated by analysing 20 negative milk and liver
samples fortified at MRL (or 10 pgkg~! levels), and taking the
concentration at the permitted limit plus 1.64 times the standard
deviation obtained. The detection capability (CCP3) of the proposed
method was calculated from the CCa value plus 1.64 times the cor-
responding standard deviation. The LOQ was estimated for each
analyte by injecting low concentration matrix-matched standards
and measuring the S/N of the peaks. The lowest concentration
that yielded S/N > 10 was defined as the LOQ. The LOQ was also
used as the lowest calibrated level (LCL) in the validation experi-
ments.

Throughout the validation procedure, an internal standard solu-
tion (2,4-D and TPP) was added to each sample (100 g kg~1) prior
to extraction and a QC standard (cyprodinil) was added prior to
injection (100 pgkg=1).

3. Results and discussion

3.1. Method development

3.1.1. Liquid chromatography—mass spectrometry

LC-MS/MS methods have been previously reported in literature
to determine BZs and MLs using various mobile phase additives.
BZs were reported to be ionised using formic acid [32] and a com-
bination of ammonium acetate and acetic acid [33], while MLs
were ionised with ammonium acetate [34] or acetic acid [35].
The LC-MS/MS method described in this paper is the first to
achieve quantitative-confirmatory analysis of BZs, MLs, the largely
ignored flukicides, and selected pesticides with anthelmintic activ-
ity. As a result, the mobile phase composition was carefully
optimised to achieve efficient ionisation and separation of all 38
analytes.

Formic acid (0.1%) was initially evaluated as a mobile-phase
additive but was found to be unsuitable due to the formation
of sodium adducts for some of the analytes, namely abamectin,
doramectin and ivermectin. Ammonium acetate and ammonium
formate were evaluated as alternative additives and formed repro-
ducible ions ([M+H]*, [M+NH4]* and [M—H]~) for the 38 analytes.
The ammonium salts also gave increased signal intensities (rela-
tive to formic acid) for most negatively ionised analytes but did not
change positive ion intensities. Ammonium formate was included
in the final mobile phase conditions because of its higher solubil-
ity compared to ammonium acetate in MeCN. The optimal mobile
phase conditions were (A) 25 mM aqueous ammonium formate at
pH 4 and (B) 12.5 mM ammonium formate in MeCN:MeOH (50:50,
v/v). Mobile phase A was initially set at pH 7, but it was later
found that a reduction to pH 4 increased the ion intensity for most
positive ions and improved chromatography for levamisole and
emamectin.

The instrument used in the study required 700 ms to switch
between positive and negative modes and was found to be
unsuitable to allow determination of all 38 analytes in a single
injection. As a result, two injections were required to allow sen-
sitive determination of the 30 ESI+ and 8 ESI- analytes for each
sample. All 38 analytes eluted within 15.5min, with a further
9 min period required for equilibration. A number of faster gradi-
ent conditions were investigated but resulted in analytes eluting
too early, which led to matrix co-elution problems for sample
extracts.
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Table 3
Percentage of matrix co-extractives removed from bovine milk and liver.

Matrix Concentration of co-extractives Cis (%) PSA (%) PSA+Cig (%)
prior to clean up (mgg')

Milk 16 73 10 90

Liver 31 36 81 89

According to 2002/657/EC, three identification points are
required to satisfy confirmatory criteria for Group B substances.
This was achieved through the selection of one precursor ion and
two product ions, which resulted in four identification points,
which exceeded the minimum requirements. 2,4-D and TPP were
used as the internal standards in negative and positive modes,
respectively. The fungicide, cyprodinil, was used as a QC standard
to help isolate and assess LC-MS/MS performance.

3.1.2. Sample preparation

A QuEChERS-based approach was adapted to isolate the 38
analytes from milk and liver. The QUEChERS method has been suc-
cessfully adapted and validated in multiple labs to extract hundreds
of pesticides (including some of the BZs and organophosphates
listed in Table 1) from various food matrices [20-28]. However,
there are few reports of the application of this sample prepa-
ration approach in relation to veterinary drug residue analysis
[24].

Table 4

A simple QUEChERS extraction procedure was initially evalu-
ated for isolating anthelmintic residues from fortified water or milk
(10 ml) using MeCN (10 ml) as an extraction solvent with MgSO4
(4g) and NaCl (1g) being employed as phase separation agents.
In keeping with previous studies of pesticide analysis, MeCN was
found to give satisfactory recovery (typically >90%) of the target
analytes. The robustness of the extraction procedure was evaluated
through varying the amounts of NaCl (0, 0.5, 1 and 2 g). Variation
of the amounts of NaCl used for phase separation appeared to have
little effect on analyte recovery. As a result, the original 1 g amount
of NaCl was retained in the method because 50 mL centrifuge tubes
containing 4g MgS0O4 and 1g NaCl were commercially available
(solvent must be added before the sample if using them). Fur-
thermore, NaCl helps to remove highly water-soluble polar matrix
interferences, thus provides clean-up of the samples and reduces
the need for frequent cleaning of the MS ionisation source.

The next step in sample preparation was to develop a dispersive
SPE clean-up step through evaluation of the effects of different sor-
bent materials. In the original QUEChERS method, PSA was found
to effectively remove fatty acids from food samples, while giving
high recovery for a range of pesticides. In this study, the effects of
three different sorbent materials, namely, PSA, GCB and Cyg were
investigated. PSA was found to give suitable recovery of positive
mode analytes but lower recovery of negative mode analytes (see
Fig. 2). Cyg gave the highest recovery for the negative mode analytes
and satisfactory recovery of positive mode analytes. A mixture of
PSA and Cqg was also investigated but gave lower recovery than Cqg

Recovery, repeatability, and within-laboratory reproducibility results for bovine milk at MRL level.

Analyte Recovery Repeatability Within-lab reproducibility
Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)
Bithionol 94 4 108 17 104 16
Clorsulon 109 4 99 13 101 12
Closantel 89 4 85 12 86 11
Nitroxynil 99 4 98 12 94 1
Niclosamide 106 4 92 12 96 12
Rafoxanide 66 6 66 12 66 11
Oxyclozanide 115 4 196 36 176 40
Triclabendazole 78 9 87 12 88 11
Triclabendazole-sulphoxide 87 5 87 12 87 10
Albendazole 104 2 102 7 104 7
Albendazole-sulphoxide 88 3 93 6 95 6
Albendazole-sulphone 98 2 105 6 105 6
Albendazole-2-amino-sulphone 85 3 90 6 91 6
Cambendazole 94 2 97 4 98 4
Fenbendazole 70 5 75 8 77 8
Fenbendazole-sulphoxide 61 4 88 24 91 21
Fenbendazole-sulphone 98 3 101 7 100 6
Flubendazole 93 2 98 8 100 8
Amino-flubendazole 79 5 88 10 89 9
Hydroxyl-flubendazole 91 4 104 11 107 12
Mebendazole 103 3 101 6 102 6
Amino-mebendazole 80 7 87 9 88 8
Oxibendazole 61 5 86 25 90 22
Thiabendazole 78 3 85 8 87 9
5-Hydroxy-thiabendazole 101 5 106 7 106 7
Abamectin 83 3 88 6 90 6
Doramectin 86 2 91 5 91 5
Emamectin 78 3 82 6 83 6
Eprinomectin 86 2 88 4 89 4
Ivermectin 80 3 84 5 86 5
Moxidectin 79 3 87 7 88 7
Selamectin 86 2 89 4 90 4
Coumaphos 86 12 99 13 99 12
Coumaphos-oxon 95 5 83 30 91 28
Dichlorvos 68 27 198 98 176 96
Haloxon 79 18 91 18 99 21
Levamisole 82 3 86 6 89 7
Morantel 82 3 88 7 90 8
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alone. GCB was also considered as a sorbent, by itself and with a
mixture of PSA and C;g3. GCB appeared to give excellent cleanup
of matrix co-extractives but was found to be unsuitable in this
application because it also retained the structurally planar analytes,
resulting in low recovery for most analytes.

An experiment was conducted to determine what percentage of
matrix co-extractives was removed from the samples and therefore
which sorbent provided the most effective clean-up. This involved
extracting 10 g milk or liver (in triplicate for each sorbent) with
MeCN and performing dispersive-SPE with 7.5 mL of the extract.
5mL of the purified extract was transferred to a pre-weighed glass
tube and evaporated to dryness. The sample tubes were re-weighed
and the amount of co-extractives calculated by difference. The
effectiveness of the sorbents was determined by comparing the
results for the samples that underwent clean-up with those that
did not undergo clean-up. Table 3 lists the results in a compari-
son of Cyg, PSA and a mixture of PSA + Cqg. As shown previously for
milk and other fat-containing matrices in pesticide analysis [25],
a combination of PSA +C;g gave the most efficient clean-up of the
samples with approximately 90% of matrix co-extractives removed.
PSA gave sufficient clean-up of liver while Cyg gave better clean-up
for milk.

Due to the low recovery obtained for the negative-mode ana-
lytes with PSA, Cig was found to be the most suitable sorbent for
the method, given its ability to provide satisfactory clean-up while
achieving high recoveries for all 38 analytes.

Table 5

3.2. Validation

3.2.1. Liquid chromatography-mass spectrometry

The criteria on relative retention times (RRTs) and ion ratios (IRs)
were examined for all samples and standards used for the validation
study. The values for RRT and IR were in agreement with the EU
requirements [31] for all the analyses investigated in the study. In
terms of RRT, the analyte peaks in samples were found to be within
the £2.5% tolerance when compared with standards. Furthermore,
two transition ions were monitored for each of the 38 analytes,
although only the most intense ion was used as the quantitation
ion. All ion ratios of samples were within the required tolerances
as required by EU criteria when compared with standards during
the validation study.

3.2.2. Linearity
The linearity was demonstrated for all 38 analytes by preparing

a four-point matrix-matched calibration curve at concentration
levels of 0, 5, 50 and 500 wgkg~!. The majority of analytes gave
linear regression values greater than 0.99. The only exception was
nitroxynil in milk, which had a linear regression value greater than
0.98.

3.2.3. Selectivity
The selectivity of the method was demonstrated through
the analysis of milk (n=20), and liver (n=20) samples from

Recovery, repeatability and within-laboratory reproducibility results for bovine liver at MRL level.

Analyte Recovery Repeatability Within-lab reproducibility
Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)
Bithionol 51 21 66 26 66 26
Clorsulon 95 5 106 14 106 13
Closantel 96 3 109 21 106 19
Nitroxynil 55 21 65 16 68 18
Niclosamide 87 3 88 15 85 12
Rafoxanide 86 4 84 17 82 15
Oxyclozanide 106 3 95 16 92 19
Triclabendazole 93 4 94 9 94 9
Triclabendazole-sulphoxide 111 3 92 19 100 20
Albendazole 96 4 95 4 115 32
Albendazole-sulphoxide 83 5 83 7 77 15
Albendazole-sulphone 95 2 97 6 94 8
Albendazole-2-amino-sulphone 66 3 62 8 87 51
Cambendazole 99 3 93 10 101 15
Fenbendazole 77 2 84 8 87 10
Fenbendazole-sulphoxide 88 2 89 6 85 11
Fenbendazole-sulphone 95 2 100 7 97 9
Flubendazole 97 5 99 8 99 7
Amino-flubendazole 68 8 60 17 83 51
Hydroxyl-flubendazole 102 9 93 14 96 14
Mebendazole 90 2 89 6 89 6
Amino-mebendazole 70 10 59 17 80 49
Oxibendazole 97 5 93 8 100 15
Thiabendazole 90 3 85 7 90 12
5-Hydroxy-thiabendazole 87 2 70 20 69 17
Abamectin (B1a) 94 5 93 9 91 9
Doramectin 72 8 74 9 71 11
Emamectin (B1a) 95 3 83 20 80 19
Eprinomectin (B1,) 97 3 98 9 95 11
Ivermectin (H2B1,) 73 4 70 11 67 12
Moxidectin 92 7 97 10 92 14
Selamectin 82 4 76 14 79 13
Coumaphos 128 10 117 23 117 21
Coumaphos-oxon 91 6 80 12 81 13
Dichlorvos 106 12 93 18 92 18
Haloxon 96 15 75 25 82 26
Morantel 93 2 90 6 91 6
Levamisole 78 5 76 5 78 6
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Table 6

Lowest calibrated level (LCL), decision limit (CCa), detection capability (CC(3) and MRL for the analytes in bovine milk and liver.

Analyte LCL (ngkg™) CCa (pgkg™) CCR (pgkg™) MRL? (ngkg1)
Milk Liver Milk Liver Milk Liver Milk Liver
Bithionol 5 5 12 15 15 19 10 10
Clorsulon 5 5 11 117 12 135 10 100
Closantel 5 5 12 1228 13 1455 10 1000
Nitroxynil 5 5 11 24 11 29 10 20
Niclosamide 5 5 11 11 11 13 10 10
Rafoxanide 5 5 14 11 17 13 10 10
Oxyclozanide 5 5 20 623 31 746 10 500
Triclabendazole 5 5 1 282 13 315 10 250
Triclabendazole-sulphoxide 5 5 11 314 11 378 10 250
Albendazole 5 5 108 1383 117 1766 100 1000
Albendazole-sulphone 5 5 108 1099 116 1198 100 1000
Albendazole-sulphoxide 5 5 108 1149 117 1290 100 1000
Albendazole-2-amino-sulphone 5 5 108 1077 117 1154 100 1000
Cambendazole 5 5 11 12 11 14 10 10
Fenbendazole 5 5 11 568 12 636 10 500
Fenbendazole-sulphoxide 5 5 12 555 14 611 10 500
Fenbendazole-sulphone 5 5 11 559 11 619 10 500
Flubendazole 5 5 11 11 12 11 10 10
Amino-flubendazole 5 5 11 14 12 18 10 10
Hydroxy-flubendazole 5 5 12 12 13 14 10 10
Mebendazole 5 5 11 11 12 12 10 10
Amino-mebendazole 5 5 11 14 12 18 10 10
Oxibendazole 5 5 13 12 15 13 10 10
Thiabendazole 5 5 111 116 123 133 100 100
5-Hydroxy-thiabendazole 5 5 112 118 124 136 100 100
Abamectin 5 5 11 22 11 25 10 20
Doramectin 5 5 1 m 1 122 10 100
Emamectin 5 5 11 12 11 14 10 10
Eprinomectin 5 5 21 1721 22 1943 20 1500
Ivermectin 5 5 11 112 11 124 10 100
Moxidectin 5 5 43 116 45 132 40 100
Selamectin 5 5 11 11 11 12 10 10
Coumaphos 5 5 11 13 13 17 10 10
Coumaphos-oxon 5 5 13 1 16 13 10 10
Dichlorvos 10 10 38 12 65 15 10 10
Haloxon 5 5 12 13 15 16 10 10
Levamisole 5 5 1 107 12 113 10 100
Morantel 5 5 55 847 61 893 50 800

3 See Table 1 for MRLs (10 pgkg~! for analytes without an MRL).

different sources, which were found to be free of interfer-
ence from endogenous materials. The specificity of the assay
was demonstrated through separate injection of individual stan-
dards and checking interfering peaks at the retention time of
other analytes. This experiment showed no interfering peaks co-
eluting with analytes. Due to the high selectivity of the MS in
MRM mode, peaks that eluted close together could be clearly
distinguished based on their different precursor and product
ions.

3.2.4. Recovery

The results of the recovery experiments are given in
Tables 4 and 5. The majority of analytes met EU validation require-
ments with recovery values typically in the range 70-120% in
milk and liver, and relatively few did not meet this range, as
discussed below. The vast majority of analytes also gave <10%
RS.D. (n=6) at each spiking level. Only a small number of
analytes gave >15% R.S.D. Small differences between the two
matrices can be observed in Tables 4 and 5, with milk, in gen-
eral, giving better results than liver. This is probably due to liver
being a more complicated matrix with more co-extractives (see
Table 3).

In milk, rafoxanide gave 66% recovery (6% R.S.D.), indicating
that some loss occurs during sample preparation, although the
somewhat lower recovery with satisfactory repeatability is not par-

ticularly problematic. The method LOQ for rafoxanide remained
<5ugkg=1. On the other hand, dichlorvos gave average recovery
of 68% with R.S.D. of 27%. This more variable result was due to the
lower sensitivity of the MS/MS method for dichlorvos than the other
analytes, and the fortification of dichlorvos close to its LOQ in the

validation study. Dichlorvos had an LCL of 10 wgkg~! in matrix-
matched calibration standards whereas all the other analytes could

be quantified at less than 5 ugkg=!. As a result, dichlorvos gave
worse results in terms of recovery, repeatability, within-laboratory
reproducibility, CCa, and CC in comparison to the other 37 ana-
lytes.

In liver, recovery for five analytes was slightly outside the
acceptable limits. Recovery for negative-mode analytes, bithionol
and nitroxynil, was 51% and 55%, respectively, with R.S.D. of
21% for both, this compares to a recovery of 100% observed
in milk. Since matrix-matching calibration was used (and ESI-
showed no ion suppression or enhancement effects), the poorer
results in liver were either due to the partial degradation or
greater interaction of the analytes with the more complex
liver matrix. The ESI+ mode analytes, albendazole-2-amino-
sulphone and amino-flubendazole gave reasonably acceptable
results (like rafoxanide in milk) with 66% and 68% recovery
and 3% and 8% R.S.D.s, respectively. Lastly, coumaphos gave
an elevated recovery of 128% with 10% R.S.D., which indi-
cates a high bias from an unknown source in this isolated
case.
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3.2.5. Precision

Two parameters were investigated for precision, namely
repeatability and within-laboratory reproducibility, reported
in terms of relative standard deviations which appear in
Tables 4 and 5. In milk, the majority of analytes gave <15% R.S.D.
(n=18), while in liver the vast majority gave <20% R.S.D. (n=18).
A small number of analytes did not meet the desirable R.S.D.
level (<23%), which is further discussed below. Good recoveries
(70-120%) were obtained by analysts in both matrices. Liver gave an
average overall recovery of 88%, while the average overall recovery
for milk was 97%. Again, a difference was observed in the results for
the two matrices, with milk giving better results than liver.

In milk, there were five analytes with results outside the accept-
able EU regulatory limits for precision. The two most problematic
analytes were dichlorvos and oxyclozanide. The problem with
dichlorvos has already been discussed, and in the case of oxy-
clozanide, excessively high recovery (196% and 176%) and R.S.D.s
(36% and 40%) were obtained for the repeatability and within-
lab reproducibility, respectively. The elevated results were due
to two experiments (out of six) showing very high area counts
for oxyclozanide and dichlorvos, but not the remaining 36 ana-
lytes. This demonstrated that the problem was compound specific,
and the increased area counts for oxyclozanide were proba-
bly due to an isolated ion enhancement effect (in ESI-, MRL
level). Fenbendazole-sulphoxide (24% R.S.D.) and oxibendazole
(25% R.S.D.) gave slightly elevated results for the repeatabil-
ity, while coumaphos-oxon gave 30% R.S.D. for repeatability
and 28% R.S.D. for within-lab reproducibility. These results do
not meet the criteria established by EU single-laboratory val-
idation criteria for a quantitative confirmation method, but
periodic outliers like this are expected in multi-class, multi-residue
analysis.

In liver, there were six analytes that displayed results outside
the acceptable limits for EU regulatory monitoring. The problem-
atic analytes in the within-lab reproducibility experiment were
albendazole (32% R.S.D.), albendazole-2-amino-sulphone (51%),
amino-flubendazole (51% R.S.D.) and amino-mebendazole (49%
R.S.D.). However, they gave good results in both repeatability exper-
iments. Furthermore, bithionol and haloxon gave slightly elevated
R.S.D.s for repeatability and reproducibility (25-26%) in all cases.
Dichlorvos unexpectedly gave good results for this part of the vali-
dation in liver, with 93% recovery and 18% R.S.D.

3.2.6. Analytical limits

The analyte LOQs were estimated by analysing matrix-matched
standards at low concentrations and checking for peak signals
with an S/N greater than 10. The 5pugkg-! fortified samples
were found to have S/N greater than 10 for all analytes, except
dichlorvos (LOQ~:10 wgkg=1). The higher LOQ for dichlorvos
than the other analytes by LC-MS/MS is in keeping with pre-
vious experience [28]. Otherwise, all of the other analytes gave
LOQ <5 pgkg1. There is no regulatory need to quantify the ana-
lytes at lower concentrations, and 5 pgkg~! was set as the LCL
(see Table 6). This LCL is below the MRL for all 38 anthelmintics
in milk or liver, with the lowest MRL being 10 pgkg™! (see
Table 1), including analytes which are not allowed in lactating
species.

The CCa and CC[ values were calculated at MRL level for ana-
lytes with an established permitted limit and at 10 wg kg~ for those
analytes without an established limit. Both sets of concentration
values were determined by analyzing 20 negative samples fortified
at the levels stated in Table 1 prior to extraction. The values were
calculated using the results already obtained for the repeatability
and within-laboratory reproducibility studies. The concentration
at the MRL (or 10 wgkg~') plus 1.64 times the calculated standard

deviation equals CCa and CC( includes the addition of another
factor of 1.64 times the standard deviation. Table 6 presents the
CCa and CCP results for the analytes in the study for milk and
liver.

4. Conclusions

An efficient and effective QuUEChERS-based LC-MS/MS multi-
class, multi-residue method has been developed for the determina-
tion of 38 major anthelmintic veterinary drugs in bovine milk and
liver. The method achieves high quality of results (good recovery,
repeatabilities, within-lab reproducibilities, and wide analytical
scope) and practical benefits (low cost, high sample through-
put, little labour, hardly any waste and few labware and space
demands). The method has been single laboratory validated accord-
ing to the 2002/657/EC guidelines and met acceptability criteria
in all but a few cases. The method was found to be very sensi-
tive and gave LOQ<5 wgkg~! for all but one analyte which had
LOQ~ 10 pgkg 1.
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